We previously reported that STAT1 expression is frequently abrogated in human estrogen receptor-a-positive (ERa þ ) breast cancers and mice lacking STAT1 spontaneously develop ERa þ mammary tumors. However, the precise mechanism by which STAT1 suppresses mammary gland tumorigenesis has not been fully elucidated. Here we show that STAT1-deficient mammary epithelial cells (MECs) display persistent prolactin receptor (PrlR) signaling, resulting in activation of JAK2, STAT3 and STAT5A/ 5B, expansion of CD61 þ luminal progenitor cells and development of ERa þ mammary tumors. A failure to upregulate SOCS1, a STAT1-induced inhibitor of JAK2, leads to unopposed oncogenic PrlR signaling in STAT1 À / À MECs. Prophylactic use of a pharmacological JAK2 inhibitor restrains the proportion of luminal progenitors and prevents disease induction. Systemic inhibition of activated JAK2 induces tumor cell death and produces therapeutic regression of pre-existing endocrine-sensitive and refractory mammary tumors. Thus, STAT1 suppresses tumor formation in mammary glands by preventing the natural developmental function of a growth factor signaling pathway from becoming pro-oncogenic. In addition, targeted inhibition of JAK2 may have significant therapeutic potential in controlling ERa þ breast cancer in humans.
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Estrogen receptor-a-positive (ERa þ ) breast cancer, the most commonly diagnosed subtype of breast malignancy in women, is routinely treated with combinations of endocrine therapies and radiation or chemotherapy. Nevertheless, half of the patients do not benefit from these treatments because of intrinsic or acquired resistance. 1 Therefore, alternative therapeutic targets in ERa þ breast cancer need to be developed.
Work by others has revealed a mammary tumor-promoting effect of prolactin receptor (PrlR) signaling in humans and mice. A meta-analysis of epidemiological data concluded that women in the top quartile for serum prolactin (Prl) concentration have a 60% increased risk of developing ERa þ , but not ERa À , breast cancer, compared with those in the bottom quartile. 2 Consistent with these findings, upregulated PrlR expression and constitutive activation of STAT3 and STAT5 is frequently found in human ERa þ breast cancers. [3] [4] [5] [6] These results suggest that PrlR signaling is uniquely associated with ERa þ breast cancer in humans. Animal studies also support this conclusion. Mice engineered for persistent PrlR signaling display significantly increased incidences of ERa þ mammary tumors. 7, 8 However, the natural processes that govern the pro-oncogenic potential of PrlR signaling remain largely unknown.
Under physiologic conditions, canonical PrlR signaling is initiated by Prl-mediated conformational change of the intracellular domains within two dimerized PrlR molecules, leading to activation of receptor-associated JAK2 and phosphorylation and activation of the transcription factors STAT5A and STAT5B (hereafter referred to as STAT5A/5B). 9 Mice lacking STAT5A or engineered for selective loss of JAK2 in the mammary gland display the same mammary gland defects as PrlR À / À mice, [10] [11] [12] [13] thus revealing that these signaling components mediate PrlR's action on mammary gland development. Importantly, ligand-induced activation of PrlR also causes phosphorylation of other STAT family members, notably STAT1 and STAT3. [14] [15] [16] [17] However, the physiological significance of STAT1 and STAT3 activation remains unclear.
We recently reported that STAT1-deficient mice spontaneously develop ERa þ mammary tumors that exhibit histopathological, biological, and genetic parallels to human ERa breast cancers. 18 We also found that STAT1 expression is significantly suppressed in the neoplastic cells of a large proportion of human ERa þ breast cancers, suggesting that downregulation of STAT1 is a critical step during tumorigenesis. 18 Along with others, we further demonstrated that the tumor-suppressor function of STAT1 is epithelial intrinsic. [18] [19] [20] [21] However, the precise mechanism by which STAT1 suppresses mammary tumorigenesis has not been fully elucidated. Here we demonstrate that dysregulated PrlR-JAK2-STAT3/5A/5B activation promotes survival of mammary epithelial cells (MECs) and initiates development of ERa þ mammary tumors, and that STAT1 antagonizes this tumorigenic process by controlling JAK2 activation.
Results
Persistent PrlR-JAK2-STAT3/STAT5A/5B signaling in STAT1 À / À mammary tumors. STAT1 À / À females are highly susceptible to the development of ERa þ mammary adenocarcinomas. 18, 19 These tumors develop at higher incidence following multiple pregnancies compared with nulliparous animals, 18 suggesting that pregnancy-associated hormones such as estrogen, progesterone or Prl may have critical roles in the tumorigenic process. To investigate whether estrogen and progesterone are required to promote tumor progression, tumor-bearing STAT1 À / À mice were ovariectomized (OVX; Figure 1a ). Although tumors continued to progress in sham-operated mice, tumors in the OVX mice regressed, albeit to different extents. Thirty-six percent (5/14) of the tumors partially regressed, but then grew progressively while 64% (9/14) of the tumors regressed to undetectable levels with all recurring at the same sites. These results indicate that ovarian hormones are not essential in maintaining the tumorigenic phenotype of STAT1 À / À mammary tumors.
Given that human ERa þ breast cancer cells frequently display persistent PrlR signaling, 3, 4 we tested the alternative hypothesis that STAT1 À / À mammary tumors rely on PrlR signaling for continuous growth. We found elevated PrlR expression on primary cells from mammary intraepithelial neoplasia (MIN) and invasive carcinomas compared with nontransformed MECs, and on STAT1 (Figures 1b and c) . In addition, JAK2 was persistently phosphorylated on key tyrosine residues (Y1007 and Y1008) within the kinase domain in primary STAT1
À / À mammary tumors and SSM2 and SSM3 tumor cell lines, but not in unstimulated MECs (NMuMG) nor in control STAT1
À / À ERa-negative SSM1 tumor cells 18 ( Figures 1d  and e) . This observation suggested that JAK2 was enzymatically active in STAT1 À / À ERa þ tumor cells. Indeed, these cells displayed tyrosine phosphorylated forms of STAT3 (pSTAT3) and STAT5A/5B (pSTAT5A/5B) (Figures 1d and e, Supplementary Figures S1B-S1C ). STAT3/5A/5B activation was selective as STAT6 was not phosphorylated, and the tumor cells did not express STAT4 (Supplementary Figure S1D) . When compared with normal mammary tissues, primary STAT1 À / À mammary tumors overexpressed SOCS3 and SOCS2, which are target genes for pSTAT3 and pSTAT5A/5B, respectively (Figure 1f ). Taken together, these results show that the signaling components constituting the PrlR pathway are activated in STAT1 À / À ERa þ mammary tumors.
PrlR and JAK2 are required for STAT3 and STAT5A/5B activation. We next used a loss-of-function approach to explore whether a cause-and-effect relationship existed between activation of PrlR, JAK2 and STAT3/5A/5B. PrlRspecific shRNAs were transduced into SSM2 and SSM3 cells, and caused a 40-60% reduction in the amount of tyrosine phosphorylated JAK2 (pJAK2) and a 63-87% reduction in pSTAT3 (Figures 2A and B Figure  S2C ). Inhibition of JAK2 activity by a small molecule JAK2-selective inhibitor, BMS-911543, 22 also caused a significant decrease in pSTAT3 and pSTAT5A/5B levels (Figure 2e ), demonstrating that JAK2's kinase activity is required to activate both STAT3 and STAT5A/5B. Together, these results show that PrlR initiates the signaling cascade required for the subsequent activation of JAK2 that phosphorylates STAT3 and STAT5A/5B in STAT1 À / À mammary tumor cells.
Persistent activation of PrlR-JAK2-STAT3/5A/5B provides a critical survival signal. Constitutive activation of STAT3 has been observed in a wide variety of malignant cells, including breast cancer cells, and provides a survival signal that supports the transformed phenotype. 23, 24 We observed that knockdown of PrlR significantly increased the percentages of apoptotic SSM2 and SSM3 cells (50-60%) compared with cells treated with a control luciferase-specific shRNA (5-15%; Figure 3a) . Consistent with these results, knockdown of JAK2 also induced a 10-and 5-fold increase in apoptosis in SSM2 and SSM3, respectively, over control shRNAs (Figure 3b) . Furthermore, pharmacological inhibition of JAK2 using BMS-911543 caused apoptosis in SSM2 and SSM3 cells (Figure 3c ). If STAT3 and STAT5A/5B are the transcription factors that affect survival from PrlR-JAK2 signaling, blockade of their function should also induce tumor cell apoptosis. Indeed, introduction of a validated STAT3 binding-site decoy into SSM2 and SSM3 that abrogates induction of STAT3 target genes 25 resulted in a three-to fourfold increase in apoptosis compared with the mutant form of the oligonucleotide (Figure 3d ). STAT5A/5B was equally essential in maintaining tumor cell viability because shRNA-mediated knockdown of STAT5A/B induced a three-to fourfold increase in the percentages of early apoptotic cells in SSM2 and SSM3 over control shRNA (Figure 3e ). In contrast, perturbation of PrlR, JAK2, STAT3 or STAT5A/B in control NMuMG or ERa-negative SSM1 cells did not affect cellular viability (Figure 3 À / À mammary tumors.
Persistent JAK2 activation causes an expansion of luminal progenitor cells and initiates tumor development.
We tested whether activated JAK2 was also involved in the initiation of mammary tumor development. STAT3 was uniquely activated in MECs of aged STAT1 À / À mice before detectable malignancy, but not in age-matched wild-type (WT) controls (Figure 5a ). In contrast, pSTAT5A/5B was observed in both WT and STAT1 À / À mammary glands. Whole-mount analysis of mammary fat pads indicated a significant increase in the number of alveolar buds in STAT1 À / À mice compared with WT mice (Figures 5b and c). Excessive bud formation was observed in 8-to 12-month-old nulliparous and multiparous STAT1 À / À mice but was rare in young post-pubertal females of 3 months of age (data not shown). The aberrant appearance of the alveolar buds was not due to differences in serum levels of estradiol, progesterone, or Prl between WT and STAT1 À / À mice, or in the local production of Prl because Prl mRNA cannot be detected in STAT1 During murine mammary gland development, stem cells residing in the myoepithelial compartment differentiate into lineage-specific progenitor cells, which subsequently give rise to mature myoepithelial or luminal epithelial cells. [26] [27] [28] As STAT1
À / À mammary glands display over-exuberant development of alveolar buds, we examined whether STAT1 À / À mammary glands contained an increased percentage of luminal progenitor cells compared with WT glands. Indeed, À / À mammary glands contain a larger proportion of luminal progenitors that are presumably better equipped for self-renewal than WT epithelium. The percentage of CD49f int CD24 hi CD61 þ cells dropped from 84 to 64% in mammary glands of BMS-911543-treated STAT1
À / À mice and the number of mammosphere colonies also showed a 77% decrease (Figures 5d and e) . Thus, activated JAK2 is responsible for the aberrant increase in the proportion of luminal progenitors and the enhanced selfrenewal capacity in STAT1 À / À mammary glands. Table S2 ). These results strongly suggest that STAT1 Figures S4B-S4D) . Together these findings demonstrate that (a) inhibition of JAK2 signaling through the prophylactic use of a pharmacological inhibitor prevents tumor development and (b) persistent activation of JAK2 increases the luminal progenitor population and drives mammary tumor formation in the absence of STAT1.
Activation of JAK2 and STAT3 in human breast cancers. To generalize our findings to humans, we examined JAK2 and STAT3 activation in ERa þ breast cancer biopsies by immunohistochemistry. pJAK2 and pSTAT3 were observed in human breast cancer cells in patterns similar to those in STAT1 À / À mammary tumors ( Figure 6 ). In addition, JAK2 and STAT3 activation occurred early during tumor progression as in situ lesions were positive for both pJAK2 and pSTAT3. In cases where co-activation of JAK2 and STAT3 was found, STAT1 expression was greatly suppressed in the neoplastic human cells, resulting in a functional condition that recapitulates the phenotypes seen in STAT1 À / À ERa þ mammary tumors. 
STAT1-induced SOCS1 antagonizes JAK2-STAT3/5A/5B signaling. The observations that dysregulated JAK2-STAT3/5A/5B signaling was detected in STAT1-deficient MECs prompted us to explore the possibility that STAT1 antagonized this pathway. We previously showed that STAT1's tumor-suppressor function was mediated by its 
transcription factor activity because only WT STAT1, but not a transcriptionally inactive Y701F STAT1 mutant, reverted the tumorigenic phenotype of STAT1 À / À mammary tumor cells and induced tumor cell apoptosis. 18 We now show that STAT1 undergoes Y701 phosphorylation before apoptosis (Figure 7a and Supplementary Figure S5) . STAT1 phosphorylation was abrogated in STAT1-transduced SSM2 or SSM3 cells treated with BMS-911543 (Figure 7b ). Therefore, JAK2 activation is required to phosphorylate ectopically expressed STAT1 in STAT1 À / À mammary tumor cells. Activation of transduced WT STAT1 in SSM2 and SSM3 cells led to upregulation of the STAT1-regulated target genes, IRF1 and SOCS1 (Figures 7c and d) . In contrast, expression of the Y701F STAT1 mutant did not. Together, these observations demonstrate that activation of STAT1 by JAK2 and the induction of target gene expression are important steps in conferring the tumor-suppressor function of STAT1.
Under normal physiological conditions, the growth signal emanating from PrlR is terminated by the regulatory action of the SOCS proteins. [29] [30] [31] [32] [33] [34] We tested whether the inability of STAT1
À / À mammary tumor cells to restrain activation of PrlR-JAK2-STAT3/5A/5B was due to a lack of negative regulation by the SOCS proteins and whether introduction of STAT1 could restore that checkpoint. SOCS2 and SOCS3 are highly expressed in STAT1 À / À mammary tumor cells ( Figure 1 ) and thus are insufficient to regulate PrlR signaling in these cells. In contrast, SOCS1 is absent in STAT1 À / À mammary tumor cells but is robustly upregulated following ectopic STAT1 expression (Figure 7d) . Importantly, introduction of SOCS1 into SSM2 and SSM3 markedly reduced the levels of pSTAT3 and pSTAT5A/5B (Figure 7e ) and (Figure 7f ). Therefore, SOCS1 appears to have a critical role in regulating STAT3/ 5A/5B activation and terminating the survival signal.
To directly test whether STAT1-induced apoptosis requires SOCS1, we examined whether concomitant knockdown of SOCS1 could block STAT1-mediated apoptosis (Figure 7g ). STAT1 expression in control shRNA-expressing SSM2 and SSM3 significantly increased the percentage of apoptotic cells (Figure 7h ). In contrast, ectopically expressed STAT1 failed to induce tumor cell death in cells stably expressing SOCS1 shRNA. Together, these data reveal that STAT1 suppresses mammary tumor formation by transcriptionally inducing SOCS1, which in turn has a critical role in regulating PrlR-JAK2-STAT3/5A/5B signaling. .GFP was transduced into SSM2 or SSM3. SOCS1 inhibited pSTAT3 and pSTAT5A/B in SSM2 and SSM3, as measured by flow cytometry. A rabbit (Rb) IgG was used as an isotype control (leftmost). Contour plots are representative of three independent experiments. (f) Enforced expression of SOCS1 in SSM2 and SSM3 induced apoptosis, but had no effect on NMuMG and SSM1. (g) SSM2 cells were transduced with a Luc or SOCS1-specific shRNA. SSM2 cells were then transduced with GFP or STAT1. SOCS1 induction was measured by RT-PCR. (h) In SSM2 and SSM3 cells stably expressing a SOCS1-specific shRNA hairpin (SOCS1), ectopic expression of STAT1 failed to cause tumor cell death, in contrast to SSM2 and SSM3 cells expressing control Luc shRNA. *Po0.05, **Po0.01, ***Po0.001. Error bars, S.E.M. (Figure 8 ). In nascent tumor cells that have downregulated STAT1 or SOCS1 expression, 18 ,36 activation of JAK2-STAT3/5A/5B is left unchecked. The lack of this physiologically important cellular checkpoint results in mammary tumor formation.
JAK2 dysregulation leads to
Our results reveal that STAT1 is critical in regulating the pro-survival effects of PrlR signaling in both homeostatic and pathological settings. Overabundance of alveolar buds, CD61 þ luminal progenitors, and the self-renewal capability of luminal epithelial cells are observed in STAT1 À / À mammary glands before transformation. These effects are not a consequence of differential systemic hormone production or local production of Prl. Our observations are therefore consistent with the conclusion that the abnormality in STAT1 À / À mammary glands lies in the inability to control PrlR signaling at the level of the epithelial cells. These results are also supported by previous findings that maintenance of CD61 þ luminal progenitors requires mammary gland-specific expression of STAT5A. 37 In addition, we show that JAK2 inhibition reverses the phenotypes in STAT1 À / À mammary glands and prevents the emergence of tumor cells that co-express CD61 and PrlR. Transplantation studies confirm CD61 þ PrlR þ tumor cells as the tumor-initiating cells.
Therefore, we propose that luminal progenitors represent the precursor cells of STAT1 À / À ERa þ mammary tumors. Importantly, our STAT1 À / À model of ERa þ breast cancer is mechanistically distinct from other published ERa þ models. Specifically, it does not depend on over-production of Prl ligand and thus differs from the NRL-PRL model where augmented transgenic Prl production is critical to tumor development. 38 Although JAK2 is required for initiation of the NRL-PRL tumors, it is not essential for tumor maintenance. 39 In contrast, STAT1 À / À tumors require JAK2 activation for both initiation and progression. The STAT1 À / À model is also distinct from the transgenic ERa CERM model where dysregulated ERa expression promotes hyperproliferation of MECs and development of ductal carcinoma in situ, but is not sufficient to drive invasive carcinoma development. 40 Our findings that persistent PrlR-JAK2-STAT3/5A/5B signaling confers a survival signal suggest that dysregulated JAK2 signaling may collaborate with ERa signaling to drive the entire tumorigenesis process. Consistent with this notion, the constitutively active JAK2 mutant (V617F) accelerates tumorigenesis with the collaboration of other oncogenes. 41 We further show that the molecular mechanism whereby STAT1 exerts its tumor-suppressor function is through the transcriptional regulation of SOCS1. Specifically, concomitant enforced expression of STAT1 with blockade of SOCS1 induction prevents STAT1-mediated cell death. Therefore, the STAT1-SOCS1 axis counteracts the pro-survival effect of STAT3/5A/5B. Our findings are consistent with the currently held paradigm of STAT1 activation in the developmental cycle of murine mammary glands. STAT1 activation reaches highest levels in mature, fully developed quiescent mammary glands when STAT5 is activated at a basal level, 42 and again late during mammary gland involution when tissue homeostasis returns to a relatively quiescent state. 43, 44 Our observations therefore provide important insights into the role of STAT1-induced SOCS1 in controlling PrlR-mediated tumor cell development. As IRF1 induction by STAT1 is critical for SOCS1 expression, 45, 46 it follows that STAT1's tumor-suppressor function would be IRF1 dependent. 
It is noteworthy that both STAT3 and STAT5A/5B are phosphorylated by PrlR-JAK2 activation in STAT1 À / À tumor cells despite a dominant activation of STAT5A/5B in normal WT MECs. The loss of STAT1-SOCS1 regulation on PrlR may promote a more significant activation of STAT3 ultimately altering the ratio of activated STAT3 and STAT5A/5B. More detailed gene expression profiling analyses are needed to distinguish the precise targets of these STATs in ERa þ tumors. Our functional data underscore the importance of both STAT3 and STAT5A/5B in promoting tumor cell survival. Therefore, in this neoplastic setting with dysregulated JAK2 activity, STAT3 and STAT5A/5B appear to mediate similar biological functions. Consequently, JAK2 blockade is more robust than inhibiting STAT3 or STAT5 alone.
Our results also show that PrlR-JAK2-STAT3/5A/5B activation is highly prevalent in human ERa þ breast cancers and thus a potential druggable pathway. Several approaches that include suppressing Prl production, inhibiting ligandreceptor binding and disrupting the transcription factors necessary for signaling have not been translated into successful therapies. 47 Our findings demonstrate, for the first time, that ablating PrlR signaling by JAK2-targeted inhibition exhibits efficacy in treating primary and endocrine refractory ERa þ mammary tumors. Our results also indicate that PrlR-JAK2 activation is a stronger driver of tumor progression than ligand-dependent ERa signaling as JAK2 inhibition prevents the outgrowth of resistant tumors while ovarian ablation does not. Therefore, JAK2 inhibition may offer a novel, effective alternative to or combination with traditional endocrine treatments for ERa þ breast cancer. It is also noteworthy that STAT3 activation is observed in stem cell-like cancer cells from different molecular subtypes of breast cancer and targeting JAK2 is effective to treat the triple-negative subtype in preclinical models. [48] [49] [50] Together, these results suggest a pivotal role for JAK2 irrespective of the receptors mediating activation and thus underscore a generalizable potential for JAK2-targeted therapy to treat multiple forms of this disease.
In summary, our findings elucidate the cellular and molecular mechanisms whereby STAT1 suppresses ERa þ tumor development in the mammary gland. The data presented herein thus provide a platform to develop novel therapies that may be effective in treating human ERa þ breast cancers.
Materials and Methods

Mice. STAT1
À / À mice have been previously characterized in our laboratory. 18 WT 129S6/SvEv and STAT1 À / À mice were purchased from Taconic Farms (Hudson, NY, USA). Characterization of the small molecule JAK2 inhibitor BMS-911543 was previously described. 22 To determine whether JAK2 activation was required to maintain tumor growth, STAT1
À / À mice bearing primary mammary tumors around 5 mm in diameter were treated with BMS-911543 at 10 mg/kg in PEG490/citrate buffer (80 : 20) once daily by oral gavage. Tumors were measured at two perpendicular diameters every 3-4 days and the average diameters were used for analyses. Pharmacokinetic analysis was performed in tumor-bearing mice post-treatment (Supplementary Table S1 ). Concentration of the inhibitor in mouse serum was consistent with levels shown to fully suppress the constitutively active JAK2 pathway in vivo. 22 To determine whether JAK2 activation was required to drive tumor development in STAT1 À / À mice, tumor-free STAT1 À / À mice approximately 8 months of age were administered BMS-911543 at 10 mg/kg or vehicle PEG490/citrate buffer (80 : 20) daily by oral gavage. Mice were scored as tumor bearing when masses reached 5 Â 5 mm 2 in size and continued to progress. All animal experiments were carried out according to the guidelines of the American Association for Laboratory Animal Science under an approved protocol by the Animal Studies Committees and performed in AAALAC-accredited specific pathogen-free facilities at Washington University School of Medicine in St. Louis, MO, USA.
Cell cultures. The maintenance of the SSM1, SSM2 and SSM3, and NMuMG cell lines has been described elsewhere. 18 Quantitative real-time PCR. One microgram of DNase I-treated total RNA was used to synthesize first strand cDNA using SuperScript RT III and random primers (Invitrogen, Grand Island, NY, USA). qRT-PCR was carried out using gene-specific Taqman primers and probes, and an ABI Prism 7000 (Applied Biosystems, Grand Island, NY, USA).
Immunohistochemistry on mouse tissues. Four-micron sections of formalin-fixed paraffin-embedded mammary glands from WT and STAT1
À / À mammary tumors were stained using antibodies against the phosphorylated form of JAK2 (pJAK2; rabbit monoclonal E132, Abcam, Cambridge, MA, USA), STAT3 (pSTAT3; rabbit monoclonal D3A7, Cell Signaling, Boston, MA, USA) and STAT5 (pSTAT5; rabbit monoclonal E208, Abcam), cleaved caspase 3 (rabbit polyclonal, R&D Systems, Minneapolis, MN, USA), Ki67 (clone TEC-3, Dako, Carpinteria, CA, USA) and phospho-histone H3 (rabbit polyclonal S10, Abcam). As specificity controls, sections were stained in the absence of primary antibody or preincubated with a blocking phospho-peptide before the addition of the anti-pJAK2 MAb. Upon antigen retrieval and incubation of the primary antibody, positive signal was revealed by EnVision System HRP (Dako) followed by DAB chromogen. For double stain, Mach4 AP-polymer detection system followed by Ferangi Blue chromogen (Biocare Medical, Concord, CA, USA) was used. Images were captured using an Olympus DP-70 digital camera mounted on an Olympus BX60 microscope (Center Valley, PA, USA).
Immunohistochemistry on human breast cancer biopsies. Formalin-fixed paraffin-embedded diagnostic core biopsies were from the archive of the Department of Pathology at the University of Brescia, Brescia, Italy. This retrospective study was conducted in compliance with the Helsinki Declaration and with policies approved by the Ethics Board of Spedali Civili di Brescia. The cohort consisted of diagnostic core biopsies from 40 ER þ PR þ invasive breast carcinomas and 5 ER þ PR þ in situ lesions collected between 2008 and 2012. To preserve post-translational modification of phosphoproteins in human tissues, breast core biopsies were immersed in buffered formalin fixative immediately upon removal from patients. Immunohistochemical analysis of pJAK2 and pSTAT3 was performed as described in the previous section. STAT1 expression was assessed according to procedures reported previously. 18 Electrophoretic mobility shift assay. EMSA was performed as previously described. 51 Oligos used are as follows: (m67 sense) 5
0 -GAGTTGAATTCCTGGAATTCG-3 0 . For supershift assays, 1 mg of STAT3 (Zymed, Grand Island, NY, USA; 13-7000) or STAT5 (Santa Cruz Biotechnology, Dallas, TX, USA; sc-835) antibodies was incubated with the nuclear extracts for 1 h at 4 1C before the addition of the DNA probes. Immunoprecipitation and western blotting. SSM1, SSM2, SSM3 and NMuMG cells were lysed in RIPA buffer with 2 mM sodium vanadate, protease inhibitor cocktail (Sigma, St Louis, MO, USA) and phosphatase inhibitor cocktail (Sigma). One milligram of lysate was pre-cleared with protein A (GE Healthcare, Waukesha, WI, USA) and incubated with 1 mg of antibodies (all from Santa Cruz Biotechnology; STAT3, sc-483; STAT5, sc-835; JAK1, sc-277; JAK2, sc-278) for 16 h at 4 1C. Immunoprecipitates were pulled down by protein A, washed extensively and resolved on SDS-PAGE. Phospho-tyrosine was detected by antibody against pTyr (Millipore, clone 4G10, Billerica, MA, USA). Antibody specific for the phospho-tyrosine 1007/1008 of JAK2 was used for the detection of kinase active JAK2 (Cell Signaling). 53 The sequence of the shRNA hairpin that targets both STAT5A and STAT5B is 5 0 -GGGTTTCGTGAACAAGCAACA-3 0 . The SOCS1 shRNA hairpin, 5 0 -GCCGCTGTGCCGCAGCATTAA-3 0 , was cloned into a pFLRU plasmid carrying the mCherry coding sequence. SOCS1 shRNAexpressing cells were sorted using the mCherry marker. Lentivirus was prepared by transfecting 293T cells with the pFLRU plasmid, D8.2 and pCMV.VSVg. The infected cells were harvested on day 2 post-infection for qRT-PCR and western blotting to determine knockdown efficiency, on day 2.5 for flow cytometric analysis of phosphorylated STAT3 and STAT5, and on day 3 for apoptosis assay. Blockade of STAT3 function by double-stranded (ds) oligonucleotide decoy. The STAT3-binding site decoy is a short ds oligonucleotide that binds selectively to the DNA-binding domain of activated STAT3 homodimers, thereby blocking the induction of STAT3 target genes. 25 A mutant oligonucleotide that differs from the STAT3 decoy by a single nucleotide is used as control.
Mammosphere assay. Single-cell suspension was prepared from the inguinal mammary fat pads of 8-month-old WT, and vehicle-or BMS-911543-treated STAT1 À / À female mice as described above. CD49f int CD24 hi luminal epithelial cells depleted of DAPI, CD31, CD45 and TER119 were sorted using an Aria cell sorter (BD Biosciences) and plated at the concentration of 10 000 cells per well in 24-well ultralow attachment plates (Corning, Corning, NY, USA) in mammosphere media (1 : 1 DMEM:F12/1X B27 (Invitrogen)/20 ng/ml mEGF (BD Biosciences)/20 ng/ml bFGF (BD Biosciences)/1% penicillin-streptomycin. 54 The purity of the sorted cells was higher than 85%. Only colonies larger than 50 mm were counted 8 days after plating.
Transplantation into fat pad. After cell sorting, the designated number of cells were washed once with phenol red-free DMEM, resuspended in phenol redfree DMEM and transplanted into the inguinal fat pads of female STAT1 À / À mice. Mice were monitored until palpable tumors developed or up to 12 months if no tumors were observed.
Flow cytometry. Quantification of PrlR expression was done using biotinylated Prl (b-Prl). Briefly, recombinant murine Prl (purchased from the National Hormone and Peptide Program) was biotinylated using Enzotin with the Enzotin to Prl ratio 12 : 100 following the manufacturer's specifications (Enzo Biochem, Farmingdale, NY, USA). Binding of biotinylated Prl to cell surfaces was specific (i.e., it could be completed by addition of non-biotinylated Prl ligand (Supplementary Figure S1A) ) and saturable (data not shown). For the Prl competition assay, varying amounts of nonbiotinylated Prl were added to SSM2 tumor cells (0.01, 0.1, 1, 5 and 10 mg) before the addition of b-Prl. For flow cytometry analysis of primary STAT1 À / À mammary tumors, tumors were disaggregated as described previously. 18 Cells were first blocked with normal rat serum, anti-CD16 and anti-CD32 Fcg receptors Ab and then stained with 1 mg of b-Prl, anti-CD61-PE (BioLegend, San Diego, CA, USA), anti-TER119-PE/Cy7 (BioLegend), anti-CD31-PE/Cy7 (BioLegend), anti-CD45-PE/Cy7 (BioLegend), anti-CD24-APC (BioLegend) and anti-CD49f-PerCP/Cy5.5 (BioLegend) for 30 min at 4 1C. Cells were washed once in PBS/1% BSA and incubated with Streptavidin-PE (SA-PE, eBioscience, San Diego, CA, USA) or Streptavidin-PETexas Red (SA-PE-TR, BD Biosciences) for 20 min on ice. For the analyses of nontransformed mammary glands, fat pads with no clinically apparent disease were examined. Inguinal mammary glands devoid of lymph nodes were harvested from mature 8-month-old WT or STAT1 À / À retired breeders and processed as previously reported. 18 Samples were collected using a LSRII (BD Bioscience). Gating procedure was described previously. 18 Cells depleted of DAPI, CD31, CD45 and TER119 were analyzed based on CD49f and CD24 surface expression. Flow cytometry profiles were analyzed using FloJo software (TreeStar, Ashland, OR, USA). Myoepithelial cells were defined as CD49f hi CD24 int , whereas luminal epithelial cells were CD49f int CD24 hi . Luminal epithelial cells or neoplastic cells were then gated on and analyzed for CD61 and PrlR levels. Apoptosis was measured by a flow cytometry-based annexin V-binding assay according to the manufacturer's instructions (BD Biosciences). Only early apoptotic cells (annexin V-positive, 7AAD-negative) were analyzed. Tyrosine phosphorylation of STAT1, STAT3 and STAT5A/5B was detected using antibodies specific for the phosphorylated forms of each STAT (anti-pSTAT1 from BD Biosciences; anti-pSTAT3 and anti-pSTAT5A/5B from Cell Signaling). Isotype control antibodies were used to set up the profile of the negative signal. Geometric mean channel shift is calculated as the difference between the geometric mean obtained from the pSTAT antibodies and that from the isotype control.
Production of anti-PrlR monoclonal antibody. As b-Prl bound PrlR at a lower affinity than PrlR-specific antibody, monoclonal antibody (MAb) against murine PrlR was produced. The extracellular domain (ECD) of murine PrlR (amino acids 25-239) was amplified from the cDNA of 129S6/SvEv MEC, ligated into the pEF4 vector (Invitrogen), and subsequently cloned into the pRK5 vector (a generous gift from J Darnell, Rockefeller University, New York, NY, USA). Recombinant PrlR-ECD was produced in Freestyle 293 Expression System (Invitrogen) and purified by using a Ni-NTA column (Qiagen , Valencia, CA, USA). Immunization of Armenian hamsters and production of MAb has been previously described. 55 MAb clone 5A12 is specific for murine PrlR (Supplementary Figures  S4E and S4F ).
Statistical analyses. Kaplan-Meier survival curve was analyzed by log-rank test. Tumor growth curve was analyzed by a distribution-free test. 18 Repopulating capability of tumor cell sub-populations was analyzed by limiting dilution assay. 56 All numerical results are presented as mean ± S.E.M. and represent data from a minimum of three independent experiments unless otherwise stated. Unpaired ttest was used to determine the statistical significance between control and experimental groups. All tests are two-sided and a P-value r0.05 was considered significant.
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